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Description 

BACKGROUND OF THE INVENTION 

[0001] The present Invention relates to a phase- 
locked loop combining rapid lock acquisition with low 
power dissipation. 

[0002] Phase-locked loops (PLLs) are widely used as 
frequency synthesizers in radio receivers and wireless 
telephone sets. A conventional PLL comprises a refer- 
ence oscillator, a voltage-controlled oscillator, a pro- 
grammable frequency divider, a phase detector, and a 
low-pass filter. Various types of phase detectors are 
known, including phase detectors employing charge 
pumps. 

[0003] A desirable capability in a PLL is the capability 
to lock onto new frequencies quickly. In certain types of 
wireless telephone sets, for example, the PLL needs to 
switch rapidly between the frequency of a traffic channel 
and the frequency of a control channel. Rapid frequency 
switching is also useful in radio receivers, for quick re- 
sponse to input from channel selection buttons. 
[0004] In a conventional PLL, however, the lock ac- 
quisition time or lock-up time is determined by parame- 
ters such as the loop gain, the time constant of the low- 
pass filter, and the reference frequency, which is nor- 
mally equal to or less than the channel spacing. When 
parameters that give optimum performance in the 
locked state are selected, the lock-up time tends to be 
undesirably long. In PLLs with charge-pump phase de- 
tectors, a particular problem is that the phase detector 
generates error signals only intermittently. 
[0005] The lock-up time can be shortened by increas- 
ing the reference frequency to a value exceeding the 
channel spacing, but complex compensation circuitry 
then becomes necessary to receive channels with fre- 
quencies that are not integer multiples of the reference 
frequency. 

[0006] Unexamined Japanese Patent Publication No. 
69794/1994 discloses a PLL that accelerates the acqui- 
sition of phase lock by generating a reset signal when 
the desired frequency is reached, but this reset signal 
does not shorten the time required to reach the desired 
frequency. 

[0007] The present inventor has proposed a PLL with 
multiple feedback loops, which shorten the entire lock- 
up process by increasing the loop gain, but these mul- 
tiple feedback loops also increase the power dissipation 
of the PLL. 

[0008] Much of the power dissipated in a PLL is dis- 
sipated by the programmable frequency divider, which 
has a complex internal structure and operates at the 
same high frequency as the voltage-controlled oscilla- 
tor. Complementary metal-oxide-semiconductor 
(CMOS) circuitry is commonly employed in the program- 
mable frequency divider; power is dissipated by the rap- 
id charging and discharging of a large number of capac- 
itive loads in the CMOS circuits. 



[0009] A known method of reducing power dissipation 
is to prescale the signals output from the reference os- 
cillator and input to the programmable f requ ency divider, 
but this method causes a proportionate lengthening of 
5 the lock-up time. 

[0010] In general, there is a trade-off between power 
dissipation and lock-up time in a PLL, one of these two 
characteristics being improved only at the expense of 
the other characteristic. 

SUMMARY OF THE INVENTION 

[001 1 ] It is accordingly an object of the present inven- 
tion to reduce the lock-up time of a PLL without increas- 
ing the power dissipation. 

[001 2] Another object of the invention is to reduce the 
power dissipation of a PLL without increasing the lock- 
up time. 

[001 3] A PLL according to a first aspect of the inven- 
tion has a phase detector, a frequency divider, a detec- 
tion circuit, and a control circuit. The frequency divider 
divides the output signal of the PLL by a predetermined 
frequency division ratio. The detection circuit detects 
when the frequency division ratio reaches the predeter- 
mined value. The control circuit outputs a fixed pump- 
up signal or pump-down signal during the interval while 
the frequency division ratio has not reached the prede- 
termined value. 

[0014] A PLL according to a second aspect of the in- 
vention is a PLL frequency synthesizer having a fre- 
quency divider that generates a feedback signal by di- 
viding the output signal of the PLL by a frequency divi- 
sion ratio of N or N + 1/2. A first phase detector com- 
pares the phase of the feedback signal with the phase 
of a reference signal at a first timing, and generates a 
first error signal . A second phase detector compares the 
phase of the feedback signal and the phase of the ref- 
erence signal at a second timing, and generates a sec- 
ond error signal. The output signal of the PLL is gener- 
ated by a voltage-controlled oscillator according to the 
first and second error signals. 

[001 5] A PLL according to a third aspect of the inven- 
tion has a reference signal generator, an oscillator, a 
prescaler dividing the oscillator output frequency by a 
fixed ratio, and a frequency divider dividing the prescaler 
output frequency by a programmable ratio, thereby gen- 
erating a feedback signal. A phase detector controls the 
oscillator frequency by comparing the feedback signal 
with at least two internal reference signals having differ- 
ent phases, both internal reference signals being gen- 
erated from the output of the reference signal generator. 
[0016] A PLL according to a fourth aspect of the in- 
vention has an oscillator, a reference signal generator 
generating a plurality of reference signals, a frequency 
divider unit generating a plurality of feedback signals 
from the oscillator output signal, and a plurality of phase 
detectors that compare the feedback signals with the 
reference signals, thereby generating error signals that 
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control the oscillator frequency. When the desired fre- 
quency is changed, a control unit enables a selectable 
number of the phase detectors, the number depending 
on the size of the frequency change. 
[0017] A PLL according to a fifth aspect of the inven- 5 
tion comprises an oscillator, a reference signal genera- 
tor generating first and second reference signals, a fre- 
quency divider unit generating first and second feed- 
back signals, and first and second phase detectors com- 
paring the reference signals with the feedback signals. 
A prescaler is inserted between the oscillator and the 
frequency divider unit. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] In the attached drawings: 

FIG. 1 is a block diagram illustrating a first embod- 
iment of the invention; 

FIG. 2 is a block diagram illustrating a second em- 
bodiment of the invention; 
FIG. 3A is a block diagram of the programmable fre- 
quency divider in FIG. 2; 

FIG. 3B is a block diagram of the pulse distributor 
in FIG. 3A; 

FIG. 4 is a waveform diagram illustrating the oper- 
ation of the programmable frequency divider in FIG. 
3A; 

FIG. 5 is another waveform diagram illustrating the 
operation of the programmable frequency divider in 
FIG. 3A; 

FIG. 6A is a waveform diagram illustrating the op- 
eration of the second embodiment; 
FIG. 6B is another waveform diagram illustrating 
the operation of the second embodiment; 
FIG. 7 is a block diagram illustrating a variation of 
the programmable frequency divider in FIG. 2; 
FIG. 8 is a waveform diagram illustrating the oper- 
ation of the programmable frequency divider in FIG. 
7; 

FIG. 9 is another waveform diagram illustrating the 
operation of the programmable frequency divider in 
FIG. 7; 

FIG. 10 is a block diagram illustrating a third em- 
bodiment of the invention; 
FIG. 11 is a block diagram illustrating a fourth em- 
bodiment of the invention; 

FIG. 12 is a waveform diagram illustrating the op- 
eration of the fourth embodiment; 
FIG. 13 is a graph illustrating the operation of the 
fourth embodiment; 

FIG. 14 is a block diagram illustrating a fifth embod- 
iment of the invention; and' 
FIG. 15 is a waveform diagram illustrating the op- 
eration of the fifth embodiment. 



DETAILED DESCRIPTION OF THE INVENTION 

[0019] Embodiments of the invention will be de- 
scribed with reference to the attached drawings. 
[0020] Referring to FIG. 1 , the first embodiment is a 
PLL having a reference signal generator 2 in which a 
reference divider (REF DIV) 4 divides the output fre- 
quency of a reference oscillator (REF OSC) 6 by a fixed 
ratio to produce a reference signal fr having a constant 
frequency. A voltage-controlled oscillator (VCO) 8 gen- 
erates an output signal fo with a variable frequency con- 
trolled by a control voltage Cv. This output signal fo, 
which is the output signal of the PLL, is also supplied to 
a programmable frequency divider 10. 
[0021] The programmable frequency divider 1 0 is op- 
erable in two modes, as selected by a mode control sig- 
nal Cm. In the first mode (Cm high), the programmable 
frequency divider 1 0 operates as a free-running counter, 
counting cycles of fo and generating a count value (n). 
In the second mode (Cm low), the programmable fre- 
quency divider 10 divides the frequency of fo by a pro- 
grammable quantity N (for example, an integer such as 
one hundred) to generate a feedback signal fv, which is 
supplied to a phase detector (PD) 12. 
[0022] The phase detector 12 compares the refer- 
ence signal f r and feedback signal fv, and generates two 
error signals, Pu 1 (pump-up) and Pti, (pump-down), 
both of which are active low. P^ is activated when the 
feedback signal fv lags the reference signal f r in frequen- 
cy or phase, going low from the rising edge of fr to the 
rising edge of fv, for example. Pd-, is activated when the 
feedback signal fv leads the reference signal fr in fre- 
quency or phase, going low from the rising edge of fv to 
the rising edge of fr, for example. Only one of the two 
error signals Pu^ and P6^ is active at a time. When fr 
and fv are locked in frequency and phase, Pu 1 and Pd 1 
both remain inactive (high). 

[0023] The error signals Pu 1 and Pd^ are supplied to 
a selector control circuit 14 that receives a similar pair 
of signals Pu 2 and Pd 2 from a control unit such as a mi- 
crocontroller unit (MCU) 15. The selector control circuit 
14 also receives the mode control signal Cm, selects 
Pu 1 and Pd) when Cm is low, selects Pu 2 and Pd 2 when 
Cm is high, and supplies the selected pair of signals as 
control signals Pu 3 and Pd 3 to a charge pump 16. 
[0024] The charge pump 1 6 generates an error cur- 
rent signal Ce that is positive when Pu is active, negative 
when Pd is active, and in the high-impedance state 
when Pu and Pd are both inactive. The error current sig- 
nal Ce charges and discharges a capacitor (not visible) 
in a low-pass filter (LPF) 18, thus raising and lowering 
the output voltage of the low-pass filter 18. This output 
voltage is the control voltage Cv supplied to the VCO 8. 
[0025] The mode control signal Cm is generated by a 
frequency detection circuit 20 comprising a first latch 22 , 
a second latch 24, a frequency estimator 26, and a com- 
parator 28. The first latch 22 latches the count (n) output 
by the programmable frequency divider 10 at rising edg- 
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es of the reference signal f r. The second latch 24 latches 
the contents of the first latch 22 at rising edges of the 
reference signal f r. The frequency estimator 26 takes the 
difference between the contents (n.,) of the first latch 22 
and the contents (n 2 ) of the second latch 24, thereby 
determining the number of cycles n 3 of the output signal 
fo in one cycle of the reference signal fr. Operating ac- 
cording to settings made by the MCU 1 5, the comparator 
28 compares n 3 with the programmable frequency divi- 
sion ratio N, and generates the mode control signal Cm. 
The mode control signal Cm is supplied to the program- 
mable frequency divider 1 0 and selector control circuit 
1 4 as noted above, and as a reset signal to the reference 
divider 4. 

[0026] The frequency division ratio N is programmed 
by the MCU 1 5 in response to, for example, manual in- 
put from frequency selection buttons (not visible) on a 
radio receiver, or instructions transmitted from a base 
station in a wireless communication system. 
[0027] Next, the operation of the first embodiment will 
be described. The symbols fr, fo, and fv denoting the 
reference, output, and feedback signals will occasional- 
ly also be used to denote the frequencies of these sig- 
nals. 

[0028] When the mode control signal Cm is low and 
the PLL is in the locked state, the output frequency is N 
times the reference frequency. For example, if N is one 
hundred (N = 100) and the reference frequency is ten 
kilohertz (fr= 10 kHz), then the output frequency is one 
megahertz (fo = 1 MHz), and the feedback frequency fv 
is 10 kHz, matching the reference frequency fr. 
[0029] The error signals P^ and Pd-, generated by 
the phase detector 12, supplied through the selector 
control circuit 1 4 to the charge pump 1 6, operate to keep 
the feedback signal fv locked in frequency and phase 
with the reference signal fr. For example, if the feedback 
signal fv begins to lag the reference signal fr, then the 
pump-up error signals Pu 1 and Pu 3 go low for part of 
each cycle of the reference signal fr, causing the charge 
pump 1 6 to supply charge to the low-pass filter 1 8, there- 
by raising the control voltage Cv, increasing the output 
frequency fo, and moving the feedback signal fv back 
into lock with the reference signal fr. 
[0030] If the desired output frequency is changed to, 
for example, two megahertz (2 MHz), the MCU 15 cal- 
culates that the frequency division ratio N must be in- 
creased from one hundred to two hundred (N = 200), 
and sets this value of N in the programmable frequency 
divider 10. Since N has been increased, the MCU 15 
activates the Pu 2 signal (Pu 2 goes low), deactivates Pd 2 
(Pd 2 goes high), and sets the comparator 28 to output 
a high mode control signal Cm as long as n 3 is less than 
N. 

[0031 ] Cm immediately goes high, causing the selec- 
tor control circuit 1 4 to select Pu 2 and Pd 2 for output as 
control signals Pu 3 and Pd 3 . Pu 2 and hence Pu 3 are con- 
tinuously active, so the charge pump 1 6 supplies charge 
continuously to the low-pass filter 18, and the output fre- 



quency fo begins to rise rapidly. 
[0032] In addition, since Cm is high, the programma- 
ble frequency divider 10 begins to operate as a free- 
running counter. Following the next complete cycle of 

s the reference signal fr, the frequency estimator 26 takes 
the difference between the count value (n^ at the end 
of the cycle, latched in the first latch 22, and the count 
value (n 2 ) at the beginning of the cycle, latched in the 
second latch 24, and obtains a value of, for example, 

10 one hundred fifty (n 3 = 150). Although the programma- 
ble frequency divider 1 0 is not operating as a frequency 
divider, n 3 is nevertheless a frequency division ratio, giv- 
ing an estimate of the frequency of the output signal fo 
divided by the frequency of the reference signal fr. The 

15 comparator 28 compares this measured frequency divi- 
sion ratio (n 3 ) with the desired frequency division ratio 
(N). Since n 3 is still less than N, the mode control signal 
Cm remains high, and the selector control circuit 14 con- 
tinues to hold control signal Pu 3 in the continuously ac- 

20 tive state. 

[0033] At the end of the next cycle of the reference 
signal fr, the frequency estimator 26 again takes the dif- 
ference between counts and n 2 , now obtaining, for 
example, a frequency division ratio n 3 of two hundred. 

25 Comparing n 3 with N, the comparator 28 finds that n 3 is 
not less than N, and drives the mode control signal Cm 
to the low level. The error signals Pu 1 and Pd 1 output 
by the phase detector 12 now begin to control the VCO 
frequency through the selector control circuit 1 4, the sig- 

30 nals Pu 2 and Pd 2 from the MCU 15 being disregarded. 
At this point, the output frequency fo is close to the de- 
sired frequency (2 MHz). 

[0034] The high-to-low transition of the mode signal 
Cm causes the programmable frequency divider 10 to 

35 stop operating as a free-running counter and begin a 
new counting cycle lasting just N counts. A feedback 
pulse fv is output at the end of these N counts, and at 
every N counts thereafter, the programmable frequency 
divider 10 thus operating as a 1/N frequency divider (N 

40 = 200). 

[0035] The high-to-low transition of Cm also resets 
the reference divider 4, so that the reference divider 4 
begins a new counting cycle at the same time as the 
programmable frequency divider 1 0. The reference sig- 
45 nal fr and feedback signal rv are therefore mutually close 
in both phase and frequency. From this state, a locked 
state is quickly reached under control of the error signals 
Pu 1 and Pd v 

[0036] Next, if a lower desired output frequency such 
so as 1.1 MHz is selected, the MCU 15 calculates that the 
frequency division ratio must be decreased from two 
hundred to one hundred ten (N = 1 1 0), and sets this val- 
ue of N in the programmable frequency divider 1 0. Since 
the value of N has been decreased, the MCU 15 deac- 
55 tivates the pump-up signal Pu 1( activates the pump- 
down signal Pd 2 , and sets the comparator 28 to hold the 
mode control signal Cm high as long as the measured 
frequency division ratio (n 3 ) exceeds the new value of N. 
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[0037] Cm immediately goes high, causing the pro- 
grammable frequency divider 10 to begin operating as 
a free-running counter, and causing the selector control 
circuit 14 to select Pu 2 and Pd 2 . The selector control 
circuit 14 therefore deactivates Pu 3 and activates Pd 3 . 5 
The charge pump 16 withdraws charge continuously 
from the low-pass filter 18, and the output frequency fo 
begins to fall rapidly. 

[0038] Following the next complete cycle of the refer- 
ence signal fr, the frequency estimator 26 takes the dif- 
ference between the latched count values (n 1 and n 2 ) 
and obtains a frequency division ratio of, for example, 
one hundred fifty (n 3 = 150). The comparator 28 com- 
pares this value (n 3 ) with the desired value (N). Since 
n 3 still exceeds N, the mode control signal Cm remains 
high, and the selector control circuit 14 continues to hold 
Pd 3 in the continuously active state. 
[0039] At the end of the next cycle of the reference 
signal fr, the frequency estimator 26 again takes the dif- 
ference between counts and n 2 , now obtaining, for 
example, a frequency division ratio n 3 of one hundred. 
Since this n 3 value does not exceed N, the comparator 
28 drives the mode control signal Cm to the low level, 
allowing the error signals Pu 1 and Pd, output by the 
phase detector 12 to control the frequency of the VCO 
8. At this point, the output frequency fo is less than but 
still close to the desired frequency (1 .1 MHz). The high- 
to-low transition of the mode signal Cm resets the pro- 
grammable frequency divider 10 and reference divider 
4, so that both start counting in phase, the programma- 
ble frequency divider 10 now operating as a 1/110 fre- 
quency divider. From this state, a locked state is quickly 
reached under control of the error signals P^ and Pd v 
[0040] By supplying a continuous pump-up or pump- 
down signal during the early stages of lock acquisition, 
the first embodiment enables the output frequency fo to 
approach the desired frequency quickly. 
[0041] By resetting both the reference divider 4 and 
the programmable frequency divider 10 at the same 
time, the first embodiment also enables the final stages 
of lock acquisition to be completed quickly. 
[0042] By using the same programmable frequency 
divider both to measure and to divide the frequency of 
the VCO output signal, the first embodiment reduces 
hardware costs and avoids needless power dissipation. 
[0043] In a variation of the first embodiment, the sig- 
nals Pu 2 and Pd 2 are supplied from external sources 
and switched on and off under control of the MCU 15, 
instead of being supplied by the MCU 15 itself. 
[0044] In another variation, the selector control circuit 
14, the frequency detection circuit 20, or both the selec- 
tor control circuit 1 4 and the frequency detection circuit 
20 are integrated into the MCU 15. 
[0045] In a further variation, the frequency detection 
circuit measures the frequency division ratio of the out- 
put signal on the basis of more than two latched count 
values. 

[0046] In a still further variation, in the first mode, the 



programmable frequency divider 1 0 is reset at the be- 
ginning of each cycle of the reference signal fr. 
[0047] Next, a second embodiment will be described. 
[0048] Referring to FIG. 2, the second embodiment is 
a PLL frequency synthesizer comprising a VCO 8 con- 
trolled by a control voltage Cv from a low-pass filter 18. 
The VCO output signal fo enters a frequency divider unit 
30 comprising a prescaler 32 that divides the VCO out- 
put frequency by two, and a programmable frequency 
divider 34 that is programmable to both integer values 
(N) and half-integer values (N + 1/2). Equivalent^, the 
programmable frequency divider 34 divides the VCO 
output frequency by N/2, where N is a positive integer, 
even values of N giving integer frequency division ratios, 
and odd values of N giving half-integer ratios. The equiv- 
alent notation (N/2) is used below and in the drawings. 
The frequency divider unit 30 as a whole then divides 
the VCO output frequency by N, and distributes the re- 
sulting pulses among four feedback signals fy, fv 2 , fv 3> 
and fv 4 , which are passed through respective gate cir- 
cuits 36, 38, 40, 42 to respective phase detectors 44, 
46, 48, 50. 

[0049] The second embodiment also has a reference 
signal generator 51 comprising a reference oscillator 6 
and delay circuits 52, 54, 56. The delay circuits have 
delay times equal to one-fourth of one cycle of the ref- 
erence signal fr output by the reference oscillator 6. This 
signal fr is supplied as a first reference signal to the 
first phase detector 44, delayed in delay circuit 52 and 
supplied as a second reference signal fr 2 to the second 
phase detector 46, further delayed in delay circuit 54 
and supplied as a third reference signal fr 3 to the third 
phase detector 48, and delayed still further in delay cir- 
cuit 56 and supplied as a fourth reference signal fr 4 to 
the fourth phase detector 50. 

[0050] Each of the four phase detectors 44, 46, 48, 
50 is equivalent to the combination of phase detector 1 2 
and charge pump 16 in the first embodiment. The first 
phase detector 44 compares fv., with f^ and generates 
a first error current signal Ce 1 , the second phase detec- 
tor 46 compares fv 2 with f r 2 and generates a second er- 
ror current signal Ce 2 , the third phase detector 48 com- 
pares fv 3 with f r 3 and generates a third error current sig- 
nal Ce 3 , and the fourth phase detector 50 compares fv 4 
with fr 4 and generates a fourth error current signal Ce 4 . 
The low-pass filter 18 receives the sum Ce of all four 
error current signals. 

[0051] The programmable frequency divider 34, gate 
circuits 36, 38, 40, 42, phase detectors 44, 46, 48, 50, 
and delay circuits 52, 54, 56 are controlled by a control 
unit such as a microcontroller unit (not visible). 
[0052] Referring to FIG. 3A, the programmable fre- 
quency divider 34 comprises an adder 58, a reloadable 
down-counter 60, a coincidence detector 62, D-type flip- 
flops 64, 66, 68, an inverter 70, a selector 72 comprising 
three NAND gates 74, 76, 78, and a pulse distributor 80. 
Reference characters A1 to A10 designate input and 
output signals of these circuit elements, A1 being the 
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prescaled signal output by prescaler 32. 
[0053] Adder 58 adds a one-bit input received at input 
terminal A to bits (D1 to D4) representing the integer 
part of the frequency division ratio N, which are received 
at input terminals B. 

[0054] Down-counter 60 has clock (CLK), load, and 
data (D1 to D4) input terminals, and count (Q1 to Q4) 
output terminals. The clock input terminal receives the 
prescaled signal A1 . The data input terminals receive 
the sum output by the adder 58, which is reloaded while 
the load input signal is high. 

[0055] The coincidence detector 62 comprises logic 
circuits (not visible) that determine whether the count 
output by down-counter 60 is equal to two. 
[0056] The flip-flops 64, 66, 68 have data (D) input 
terminals, clock (CLK) input terminals, and complemen- 
tary (Q and Q) output terminals. The D input is latched 
at rising edges of the clock input, and becomes the Q 
output signal. Flip-flop 64 also has a preset input termi- 
nal that receives the fraction part (bit DO) of the frequen- 
cy division ratio. When the preset input is active (DO = 
1), the Q output of flip-flop 64 (A3) is held high, and the 
Q output (A4) is held low. 

[0057] Selector 72 selects the Q output of either flip- 
flop 66 (A5) or flip-flop 68 (A7) as an internal feedback 
signal (A1 0). The selection is made according to signals 
A3 and A4 from flip-flop 64. 

[0058] Various internal structures are possible for the 
pulse distributor 80. FIG. 3B shows one example, com- 
prising a two-bit up-counter 81 and a delay circuit 82 
that both receive the internal feedback signal A10, and 
a four-line decoder 83 that decodes the count (m) output 
by up-counter 81 and the delayed internal feedback sig- 
nal (A1 0') output by delay circuit 82 to generate the four 
feedback signals fv 1f fv 2 , fv 3 , and fv 4 . Delay circuit 82 
has a fixed propagation delay equal to or greater than 
the propagation delay of up-counter 81 . Decoder 83 
drives fv n high when A10' is high and m is '01 / drives 
fv 2 high when A10' is high and m is '10,' drives fv 3 high 
when A1 0' is high and m is '1 1 ,' and drives fv 4 high when 
A10' is high and m is '00.' 

[0059] Next, the operation of the second embodiment 
will be described. 

[0060] When the desired output frequency is 
changed, the control unit sets a new frequency division 
ratio N/2 in the programmable frequency divider 34. To 
obtain a frequency division ratio N/2 equal to 11/2, for 
example, the control unit sets bits DO to D4 in FIG. 3 to 
the binary value '01 01 0' (the zero value of bit DO desig- 
nates a fractional value of one-half.) 
[0061] FIG. 4 illustrates the subsequent operation of 
the programmable frequency divider 34 by showing 
waveforms of signals A1 to A10 and fv 1 to fv 4 , and the 
value of the count (n) in down-counter 60. Each time n 
reaches two, the detector output signal A2 goes high, 
toggling flip-flop output signals A3 and A4; then flip-flop 
output signal A5 goes high, loading the value five, if A3 
is high, or six, if A3 is low, into the down-counter 60. Due 



to a delay (not visible) from the rise of A1 to the rising 
and falling edges of A5, the loaded value appears in the 
down-counter 60 for almost two complete A1 cycles. 
The count (n) thus follows a repeating pattern with a 
length of eleven A1 cycles (n = 5, 5, 4, 3, 2, 6, 6, 5, 4, 
3, 2, ...). 

[0062] The inverted signal A6 is delayed by one-half 
cycle from A1 , so the output signal A7 of flip-flop 68 is 
delayed by one-half of one A1 cycle from A5. Due to the 
operation of NAND gates 74 and 76, low pulses appear 
in signal A8 when A3 and A5 are both high, and in signal 
A9 when A4 and A7 are both high. These low pulses are 
combined by NAND gate 78 as high pulses in the inter- 
nal feedback signal A10, which goes high at regular in- 
tervals equal to five and one-half (11/2) A1 cycles. The 
A10 pulses are distributed cyclically, with a slight prop- 
agation delay, to feedback signals fv 1f fv 2 , fv 3 , and fv 4 
by the pulse distributor 80. 

[0063] FIG. 5 illustrates the operation of the program- 
mable frequency divider 34 when the input data bits (DO 
to D4) are '1 1 01 0,' corresponding to a frequency division 
ratio of 10/2. Since DO is '1' (designating a fractional val- 
ue of zero), A3 is held high, A4 is held low, down-counter 
60 is always loaded with the value (five) of bits D1 to 
D4, and signal A5 is always selected for output as the 
internal feedback signal A1 0, which goes high at regular 
intervals of five (10/2) A1 cycles. The A10 pulses are 
distributed to the feedback signals fv 1t fv 2 , fv 3 , and fv 4 
as in FIG. 4. 

[0064] The prescaled signal A1 has a frequency of fo/ 
2. The internal feedback signal A1 0 has a frequency fo/ 
N (fo/2 divided by N/2). The frequency of each of the 
feedback signals fv 1f fv 2 , fv 3 , and fv 4 is fo/(4N). 
[0065] FIG. 6A illustrates the operation of the second 
embodiment when the desired output frequency f o is in- 
creased. The control unit sets a new frequency division 
ratio (N/2), activates delay circuits 52, 54, 56 so that all 
four reference signals are produced, closes gate circuits 
36, 38, 40, 42, and disables the phase detectors 44, 46, 
48, 50, so that the error current signals are all in the 
high-impedance state. At time T 13 in synchronization 
with a rising edge of the first reference signal fr^ the 
control unit reloads the programmable frequency divider 
34, opens the first gate circuit 36, and enables the first 
phase detector 44. The down-counter 60 in the pro- 
grammable frequency divider 34 begins counting down 
at this time. 

[0066] AttimeT 2 , in synchronization with the following 
rising edge of the second reference signal f r 2 , the control 
unit opens the second gate circuit 38 and enables the 
second phase detector 46. At time T 3 , in synchroniza- 
tion with the following rising edge of the third reference 
signal fr 3 , the control unit opens the third gate circuit 40 
and enables the third phase detector 48. At time T 4 , in 
synchronization with the following rising edge of the 
fourth reference signal fr 4 , the control unit opens the 
fourth gate circuit 42 and enables the fourth phase de- 
tector 50. 
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[0067] The interval (Tref) from time T 1 to time T 5 cor- 
responds to one cycle of the reference signal fr output 
by the reference oscillator 6. Reference signals fr,, fr 2 , 
fr 3 , and fr 4 are mutually offset one-fourth cycle (Tref/4), 
thus by phase angles of id2 radians. During each fr cy- s 
cle, four rising edges of the various reference signals 
occur. 

[0068] At time T 5> the first phase detector 44 detects 
that the first feedback signal fv 1 lags the first reference 
signal fr 1( and begins output of a positive error current 
signal Ce v At time T 6> the second phase detector 46 
detects that the second feedback signal fv 2 lags the sec- 
ond reference signal fr 2 , and begins output of a positive 
error current signal Ce 2 . At time T 7 , the third phase de- 
tector 48 detects that the third feedback signal fv 3 lags 
the third reference signal f r 3 , and begins output of a pos- 
itive error current signal Ce 3 . At time T 8 , the fourth phase 
detector 50 detects that the fourth feedback signal fv 4 
lags the fourth reference signal fr 4 , and begins output of 
a positive error current signal Ce 4 . 
[0069] Output of these positive error current signals 
continuous intermittently thereafter, depending on the 
timing relationships between rising edges of the refer- 
ence signals and feedback signals. Together, the four 
phase detectors compare the feedback signals and ref- 
erence signals four times during each cycle of the ref- 
erence signal fr output by the reference oscillator 6, dif- 
ferent phase detectors making comparisons at different 
timings. During the early stages of lock acquisition, the 
combined error current signal Ce is continuously posi- 
tive and large, leading to a rapid increase in the output 
frequency fo. 

[0070] The phase detectors 44, 46, 48, and 50 also 
generate signals (not visible) indicating when the locked 
state is reached. When lock is detected, the control unit 
closes gate circuits 36, 38, and 40, disables phase de- 
tectors 46, 48, 50, and disables delay circuits 52, 54, 56. 
The second, third, and fourth error current signals Ce 2 , 
Ce 3 , and Ce 4 are held in the high-impedance state. The 
locked state is then maintained under control of the first 
error current signal Ce 1 generated by the first phase de- 
tector 44, which continues to compare the first feedback 
signal fv, with the first reference signal . 
[0071] FIG. 6B illustrates the operation when the fre- 
quency division ratio is decreased. Negative error cur- 
rent signals Ce 1 , Ce 2 , Ce 3 , and Ce 4 are produced, start- 
ing at the initial pulses of the four feedback signals fv 1 , 
fv 2 , fv 3 , and fv 4 . The combined error current signal Ce 
has a large negative value, causing the output frequen- 
cy fo to decrease rapidly until the locked state is 
reached. 

[0072] In the locked state, feedback frequency fo/(4N) 
is equal to the reference frequency fr, and the output 
frequency fo is equal to 4N x f r. 
[0073] By using four reference signals, four feedback 
signals, and four error current signals, the second em- 
bodiment greatly reduces the lock-up time of the PLL. 
[0074] By obtaining all four feedback signals from the 



same programmable frequency divider 34, the second 
embodiment reduces the necessary amount of hard- 
ware, as compared with a PLL employing four program- 
mable frequency dividers. 

[0075] By staggering the opening of gate circuits 36, 
38, 40, and 42, the second embodiment enables the four 
phase detectors 44, 46, 48, and 50 to begin operating 
in similar phase relationships to their respective refer- 
ence signals f^ , fr 2 , fr 3 , and fr 4( so that all of the phase 
detectors generate positive error current signals, or all 
generate negative current error signals. 
[0076] By prescaling the VCO output signal fo before 
input to the programmable frequency divider 34, the 
second embodiment reduces the power dissipation of 
the programmable frequency divider 34. In particular, 
the power dissipation of the down-counter 60 is re- 
duced. 

[0077] Similarly, the second embodiment enables the 
VCO output frequency to be twice the maximum oper- 
ating frequency of the programmable frequency divider 
34. 

[0078] By employing a programmable frequency di- 
vider 34 with the capability to divide frequency by half- 
integer ratios (N/2), the second embodiment increases 
the number of output frequencies that can be generated. 
[0079] In the second embodiment as described 
above, the available output frequencies are integer mul- 
tiples of four times the reference frequency (4N x f r) . The 
second embodiment can be modified as follows, how- 
ever, to obtain arbitrary integer multiples of the refer- 
ence frequency. 

[0080] If data bit DO is suitably manipulated, the pro- 
grammable frequency divider 34 can be made to alter- 
nate between the operation shown in FIG. 4 and the op- 
eration shown in FIG. 5. For example, if bit DO is manip- 
ulated so that down-counter 60 is reloaded with a value 
of six in one out of every eight counting cycles, and with 
a value of five in the other seven counting cycles, a total 
counting cycle with a length of forty-one A1 periods, or 
eighty-two fo periods, is obtained. During this total cycle, 
two pulses appear in each of the four feedback signals, 
giving each feedback signal a frequency of f o/41 . Feed- 
back frequencies from fo/42 to fo/47 can be obtained by 
reloading down-counter 60 with a value of six in two to 
seven of every eight counting cycles. Feedback fre- 
quencies of fo/M, where M is any positive integer, are 
obtainable in a similar way. 

[0081] The necessary manipulations can be per- 
formed by the control unit, but are preferably performed 
in the programmable frequency divider 34 itself, by an 
additional circuit that, for example, uses bit DO and the 
output (m) of the two-bit up-counter 81 in FIG. 3B to ma- 
nipulate the A inputto adder 58 and the inputs to selector 
72, replacing flip-flop 64 in FIG. 3A. The required circuit 
modifications can be made in various ways, detailed de- 
scriptions of which will be omitted. 
[0082] FIG. 7 shows a variation of the programmable 
frequency divider 34, in which bits D1 to D4 are supplied 
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directly to the down-counter 60. The coincidence detec- 
tor 62, flip-flops 66 and 68, inverter 70, selector 72, and 
pulse distributor 80 are identical to the corresponding 
elements in FIG. 3A, and are interconnected in the same 
way. Additional flip-flops 84 and 86 and an additional s 
selector 88 are also provided. The Q output terminal of 
flip-flop 66 is coupled to the D input terminal of flip-flop 
84, the output of which is coupled to the clock input ter- 
minal of flip-flop 86. Bit DO is provided to the preset input 
terminal of flip-flop 86. The Q output of flip-flop 86 is 
coupled to the D input of flip-flop 86, causing flip-flop 86 
to operate as a toggle flip-flop. 

[0083] Selector 88 selects the Q output (A11) of flip- 
flop 66 or the Q output (A1 2) of flip-flop 84 according to 
the Q output (A13) and Q output of flip-flop 86. The se- 
lected signal (A1 4) becomes the load signal input to the 
down-counter 60. Reloading occurs while A14 is low. 
Selector 72 uses the outputs of flip-flop 86 to select the 
Q output (A5) of flip-flop 66 or the Q output (A7) of flip- 
flop 68 as the intermediate feedback signal A10. 
[0084] This variation operates as illustrated in FIG. 8, 
which shows the case in which bit DO is low, and FIG. 
9, which shows the case in which bit DO is high. A de- 
tailed description of the operations will be omitted, as 
they are similar to the operations shown in FIGs. 4 and 
5. Like the circuit in FIG. 3A, the circuit in FIG. 7 gener- 
ates an internal feedback signal A10 with a frequency 
of fo/N, and feedback signals fy, fv 2 , fv 3 , and fv 4 with 
frequencies of fo/(4N). This circuit can also be modified 
to provide feedback signals fv 1 , fv 2 , fv 3 , and fv 4 with fre- 
quencies of fo/M, where M is an arbitrary integer, by suit- 
able control of the inputs to selectors 72 and 88. 
[0085] Incidentally, the propagation delay of inverter 
70 causes a slight jitter in the internal feedback signal 
A1 0 when bit DO is low, in the circuits in both FIGs. 3A 
and 7. Analysis by the inventor has shown, however, 
that if the propagation delay of inverter 70 does not ex- 
ceed one hundred nanoseconds (100 ns), the jitter is 
negligible. 

[0086] In another variation of the second embodi- 
ment, the prescaler 32 is omitted, enabling the reference 
frequency to be doubled to shorten the lock-up time. 
[0087] Next, a third embodiment of the invention will 
be described. 

[0088] Referring to FIG. 10, the third embodiment 
comprises a reference oscillator 6, a VCO 8, a charge 
pump 16 generating an error current signal Ce, and a 
low-pass filter 1 8 generating a control voltage Cv. The 
output frequency of the reference oscillator 6 is denoted 
4 x fr, for reasons that will be explained below. 
[0089] The VCO output signal fo is supplied to a fre- 
quency divider unit 90 comprising a prescaler 92 and a 
programmable frequency divider 93. The prescaler 92 
divides the VCO output frequency by a fixed ratio of four. 
The programmable frequency divider 93 divides the re- 
sulting frequency by a further ratio of N, where N is a 
positive integer set by a control unit such as a microcon- 
troller unit (not visible). The frequency divider unit 90 



generates a feedback signal fv with a frequency of fo/ 
(4N). 

[0090] The feedback signal fv is supplied to a phase 
detector 94 having an internal pulse distributor, ring 
counter, or the like (not visible) that generates four in- 
ternal reference signals fr^ fr 2 , fr 3 , and fr 4 from the ref- 
erence signal (4 x fr) output by the reference oscillator 
6. Each internal reference signal has a frequency of fr. 
The phase detector 94 compares each internal refer- 
ence signal with the feedback signal fv, or a delayed 
copy thereof, and generates pump-up (Pu) and pump- 
down (Pd) error signals on the basis of all four compar- 
ison results. Four comparisons are made during each 
period of length 1/fr. 

[0091] Phase detector 94 operates as if the four 
phase detectors of the second embodiment were com- 
bined into a single phase detector generating a single 
pair of error signals. As can be understood from FIGs. 
6A and 6B, during the early stages of lock acquisition, 
either the pump-up error signal Pu or the pump-down 
error signal Pd is active continuously, shortening the 
lock-up time. This shortening offsets the lengthening of 
the lock-up time due to prescaling of the feedback fre- 
quency. 

[0092] By dividing the input frequency to the program- 
mable frequency divider 93 by four, the third embodi- 
ment greatly reduces the power dissipation of the pro- 
grammable frequency divider 93. 
[0093] By multiplying the reference frequency by four, 
thereby quadrupling the number of comparisons made 
in the phase detector 94, the third embodiment avoids 
a corresponding increase in lock-up time. 
[0094] In a variation of the third embodiment, the pres- 
caler 92 divides the VCO output frequency by an arbi- 
trary fixed positive integer P, the reference frequency is 
P x fr, and the phase detector 94 makes P comparisons 
in each period of length 1/fr. 

[0095] In a further variation, the programmable fre- 
quency divider 93 has a half-integer frequency division 
ratio (N/2), enabling the prescaling ratio to be doubled 
(to 2P) to reduce power dissipation, or the reference fre- 
quency to be doubled (to 2P x fr) to shorten the lock-up 
time. 

[0096] Next, a fourth embodiment of the invention will 
be described. 

[0097] Referring to FIG. 11, the fourth embodiment 
comprises a VCO 8, a low-pass filter 1 8, and a reference 
signal generator 51 using a reference oscillator 6 and 
delay circuits 52, 54, 56 to generate four reference sig- 
nals fr 1t fr 2 , fr 3> and fr 4 . 

[0098] The signal fo output from the VCO 8 is supplied 
through respective gate circuits 95, 96, 97, 98 to four 
programmable frequency dividers 99, 100, 101, 102, 
which divide the frequency of fo by a programmable in- 
teger N to generate four feedback signals fv-,, fv 2 , fv 3> 
and fv 4 . Each feedback signal has a frequency of fo/n. 
The four programmable frequency dividers 99, 100, 
101 , 102 constitute a frequency divider unit 103. 
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[0099] The feedback signals are supplied to respec- 
tive phase detectors 104, 106, 108, 110, each of which 
generates pump-up and pump-down error signals. The 
pump-up and pump-down error signals are received by 
respective charge pumps 1 1 2, 1 1 4, 1 1 6, 1 1 8, which gen- 
erate respective error current signals Ce 1t Ce 2> Ce 3 , and 
Ce 4 . 

[0100] The pump-up and pump-down error signals 
output from phase detector 104 are supplied to an AND 
gate 120, the output of which charges and discharges 
a capacitor 122 through a resistor 124. Similarly, the er- 
ror signals from phase detector 106 are supplied to an 
AND gate 126 that charges and discharges a capacitor 
128 through a resistor 130; the error signals from phase 
detector 108 are supplied to an AND gate 132 that 
charges and discharges a capacitor 134 through a re- 
sistor 1 36; and the error signals from phase detector 1 1 0 
are supplied to an AND gate 138 that charges and dis- 
charges a capacitor 140 through a resistor 142. 
[0101] The voltages of capacitors 122, 128, 134, 140 
are supplied to a control unit such as a microcontroller 
unit (MCU) 144. The MCU 144 also receives signals 
designating a desired output frequency from a panel 1 46 
with frequency selection buttons. The MCU 1 44 has out- 
put ports a, b, c, d for supplying the frequency division 
ratio N to corresponding input ports a, b, c, d of program- 
mable frequency dividers 99, 1 00, 1 01 , 1 02. In addition, 
the MCU 144 enables and disables the delay circuits 52, 
54, 56, controls the gate circuits 95, 96, 97, 98, and en- 
ables and disables the phase detectors 104, 106, 108, 
110. The signal lines connecting output ports a, b, c, d 
of the MCU to input ports a, b, c p d of the programmable 
frequency dividers and the signal lines connecting the 
MCU to the phase detectors have been omitted to sim- 
plify the drawing. 

[0102] The fourth embodiment has four feedback 
loops, one comprising the first programmable frequency 
divider 99, phase detector 104, and charge pump 112, 
another comprising the second programmable frequen- 
cy divider 100, phase detector 106, and charge pump 
114, another comprising the third programmable fre- 
quency divider 101, phase detector 108, and charge 
pump 116, and another comprising the fourth program- 
mable frequency divider 102, phase detector 110, and 
charge pump 118. 

[0103] Next, the operation of the fourth embodiment 
will be described. It will be assumed that the fourth em- 
bodiment is used in a superheterodyne amplitude-mod- 
ulation (AM) radio receiver having an intermediate fre- 
quency of four hundred fifty kilohertz (450 kHz), receiv- 
ing broadcast frequencies from 540 kHz to 1600 kHz 
with a channel spacing often kilohertz (10 kHz), which 
is also the oscillation frequency fr of the reference os- 
cillator 6. 

[0104] To receive the lowest-frequency (540-kHz) 
broadcast channel, the MCU 1 44 causes the PLL to pro- 
duce a 990-kHz output frequency (540 + 450 = 990) by 
setting the frequency division ratio N to ninety-nine (99 



= 990/10). The MCU 144 stores this value of N in an 
internal memory such as a random-access memory 
(RAM, not visible). 

[01 05] If the frequency selection buttons on panel 1 46 

5 are now used to select the highest-frequency 
(1600-kHz) channel, the MCU 144 calculates that the 
frequency division ratio N must be changed to two hun- 
dred five (205 = (1600 + 450)/10), and stores this new 
value in its internal memory. The MCU 1 44 also closes 

10 gate circuits 95, 96, 97, 98, enables delay circuits 52, 
54, 56, disables phase detectors 104, 106, 108, 110, 
and sends the new value of N through ports a, b, c, d to 
programmable frequency dividers 99, 100, 101, 102. 
[0106] By comparing the new value of N (205) with 

15 the previous value of N (99), the MCU 144 determines 
that the frequency division ratio has been changed by 
one hundred six (1 06 = 205 - 99). Comparing this differ- 
ence (1 06) with a table stored in another internal mem- 
ory, such as a read-only memory (ROM, not visible), the 

20 MCU 1 44 decides to activate all four feedback loops. 
[0107] Referring to FIG. 12, the MCU 144 opens the 
first gate circuit 95 and enables the first phase detector 
1 04 in synchronization with a rising edge of the first ref- 
erence signal fr-, at time T v Phase detectors 106, 108, 

25 and 1 1 0 are enabled in succession at times T 2 , T 3 , and 
T 4 , in synchronization with rising edges of reference sig- 
nals fr 2 , fr 3 , and fr 4 , during the same cycle of the first 
reference signal fr v The length of this cycle, from time 
T 1 to time T 5 , is Tref . The four reference signals are mu- 

30 tually offset by Tref/4, thus by phase angles of ti/2 radi- 
ans. 

[0108] The MCU 144 estimates the length (Tfb)of the 
first cycle of the first feedback signal fv 1 by, for example, 
multiplying Tref by the ratio between the new and old 

35 values of N (205/99 in the present case). The MCU 144 
opens the second gate circuit 96 one-fourth of the esti- 
mated cycle length (Tfb/4) after time T., , opens the third 
gate circuit 97 two-fourths of the estimated cycle length 
(2Tfb/4) after time T-, , and opens the fourth gate circuit 

40 98 three-fourths of the estimated cycle length (3Tfb/4) 
after time T 1 . Each programmable frequency divider 99, 
100, 101, 102 starts counting when the corresponding 
gate circuit is opened, causing the four feedback signals 
to be mutually offset by phase angles of substantially n/ 

45 2. 

[0109] Since the frequency division ratio N has just 
been increased, the first pulse of feedback signal fv 1 at 
time T 9 lags the rising edge of reference signal fr, at 
time T 5 , causing the first phase detector 1 04 to generate 

50 an active (low) pump-up errorsignal, and the first charge 
pump 112 to supply a positive error current signal Ce 1 
starting at time T 5 . Similarly, the first pulses of feedback 
signals fv 2 , fv 3 , and fv 4 lag the next rising edges of ref- 
erence signals fr 2 , fr 3 , and fr 4 , respectively, causing 

55 phase detectors 106, 108, and 110 to generate active 
pump-up errorsignals, and charge pumps 114, 116, and 
118 to supply positive error current signals Ce 2 , Ce 3 , 
and Ce 4 a times T 6 , T 7 , and T 8 . The combined error cur- 
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rent signal Ce causes the PLL to operate at four times 
the normal loop gain, rapidly increasing the output fre- 
quency of the VCO 8. 

[0110] The low pump-up signals cause the outputs of 
AND gates 120, 126, 132, and 138 to go low, so that 
capacitors 122, 128, 134, and 140 are discharged to- 
ward the ground level. The MCU 144 detects the capac- 
itor voltages as having the low logic level, and thereby 
detects the unlocked state of the PLL. 
[01 1 1 ] When one of the four capacitor voltages reach- 
es the high logic level, indicating that both the pump-up 
and pump-down signals output by the corresponding 
phase detector are inactive (high) most of the time, the 
MCU 144 detects the locked state and disables all but 
the corresponding one of the four feedback loops. For 
example, if the signal from the first capacitor 122 goes 
high, the MCU closes gate circuits 96, 97, 98 and disa- 
bles delay circuits 52, 54, 56 and phase detectors 106, 
108, 110, so that the outputs of the second, third, and 
fourth charge pumps 114, 116, and 118 are held in the 
high-impedance state. The first gate circuit 95 remains 
open, so the locked state is maintained by the first feed- 
back loop, comprising programmable frequency divider 
99, first phase detector 104, and first charge pump 112, 
with normal loop gain. 

[0112] Next, if the frequency selection buttons on pan- 
el 1 46 are used to select a 1 1 60-kHz channel, the MCU 
144 calculates that the frequency division ratio N must 
be changed to one hundred sixty-one (161 = (1160 + 
450)/10). Subtracting this new value from the previous 
value of N (205), the MCU 144 calculates a difference 
of forty-four (44 = 205 - 1 61 ). Comparing this value (44) 
with the above-mentioned table, the MCU 144 decides 
to activate only two feedback loops. 
[0113] The MCU 144 accordingly opens the first two 
gate circuits 95 and 96 and enables delay circuit 52 and 
phase detectors 104 and 106 at suitable times, but 
leaves the third and fourth gate circuits 97 and 98 
closed, and leaves delay circuits 54 and 56 and phase 
detectors 108 and 110 disabled. Operating with two 
feedback loops and twice the normal loop gain, the PLL 
reduces the output frequency and reaches a locked 
state, at which point the MCU 144 disables one of the 
two active feedback loops, leaving only one loop active. 
[0114] FIG. 13 illustrates the foregoing operations of 
the fourth embodiment, showing time on the horizontal 
axis and the received frequency on the vertical axis. The 
lock-up time in the transition from 540-kHz reception to 
1600-kHz reception is the time t| to time t 2 . The transi- 
tion from 1600-kHz reception to 11 60-kHz reception 
takes place at a slower rate, because only two feedback 
loops are used, but the lock-up time from 1$ to time t 4 is 
substantially the same, because the frequency change 
is smaller. 

[01 1 5] Whenever the frequency selection is changed, 
the MCU 144 activates one, two, three, or four feedback 
loops, selecting the minimum number of feedback loops 
needed to achieve lock-up within a time substantially 



equal to the time from t 1 to t 2 in FIG. 13. 
[0116] By using multiple feedback loops during medi- 
um and large frequency changes, the fourth embodi- 
ment greatly reduces the lock-up time. 

5 [01 17] By using only the minimum necessary number 
of feedback loops, according to the size of the frequency 
change, and by operating with only one feedback loop 
in the locked state, the fourth embodiment avoids need- 
less power dissipation. 

10 [0118] By selecting the first feedback loop in which 
lock is detected, and disabling the otherfeedback loops, 
the fourth embodiment minimizes the final phase-lock 
acquisition time. 

[0119] In a variation of the fourth embodiment, the 
15 number of feedback loops is an arbitrary number greater 
than one. 

[0120] Other variations of the fourth embodiment will 
be noted in the fifth embodiment, which is described 
next. 

20 [0121] Referring to FIG. 14, the fifth embodiment 
comprises a VCO 8 generating an output signal fo, a 
low-pass filter 1 8 generating a control voltage signal Cv 
that controls the VCO 8, and four programmable fre- 
quency dividers 99, 1 00, 1 01 , 1 02 that generate respec- 
ts tive feedback signals fv-, , rv 2 , fv 3 , fv 4 . The four program- 
mable frequency dividers 99, 100, 101, 102 constitute 
a frequency divider unit 1 03. Four phase detectors 1 04, 
1 06, 1 08, 1 1 0 compare the feedback signals fv 1 , fv 2 , fv 3 , 
fv 4 with respective reference signals fr 1( fr 2 , fr 3 , fr 4 and 

30 generate pump-up arid pump-down error signals. Four 
charge pumps 112, 114, 116, 118 generate respective 
error current signals Ce 1 , Ce 2 , Ce 3 , Ce 4 from the pump- 
up and pump-down error signals. 
[0122] The pump-up and pump-down error signals 

35 from the first phase detector 1 04 are supplied to a lock 
detection circuit comprising an AND gate 120, which 
charges a capacitor 122 through a resistor 124 to gen- 
erate a lock detection signal. Similarly, the pump-up and 
pump-down error signals from the other phase detectors 

40 106, 108, 110 are supplied to lock detection circuits 
comprising AND gates 126, 132, 138, capacitors 128, 
134, 140 and resistors 130, 136, 142. 
[0123] A prescaler 1 48 disposed between the VCO 8 
and the frequency divider unit 1 03 divides the VCO fre- 

45 quency (fo) by a fixed ratio of four. The prescaler 148 
has a simple internal circuit structure comprising, for ex- 
ample, a cascaded pair of toggle flip-flops. Each pro- 
grammable frequency divider 99, 100, 101, 102 divides 
the output frequency of the prescaler 148 by a further 

50 ratio of N. The programmable frequency dividers 99, 
1 00, 1 02, 1 02, which operate at only one-fourth the max- 
imum output frequency of the PLL, employ low-speed 
circuit elements that dissipate comparatively little power 
for a given operating frequency. 

55 [01 24] The reference signal generator 1 50 in the fifth 
embodiment comprises a reference oscillator 6 gener- 
ating a basic reference signal fr, and a prescaler 152 
that divides the frequency of fr by a fixed ratio of four to 
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generate reference signal fr v Delay circuits 154, 156, 
and 1 58 delay reference signal f^ by one, two, and three 
cycles of the basic reference signal fr to generate refer- 
ence signals fr 2 , fr 3 . and fr 4 . Prescaler 152 has a simple 
circuit configuration similar to that of prescaler 148. 
[0125] A control unit such as a microcontroller unit 
(MCU) 160 supplies enable signals to the programma- 
ble frequency dividers 99, 100, 101 , 102 and delay cir- 
cuits 1 54, 1 56, 1 58. The MCU 1 60 also sets thef requen- 
cy division ratio (N) in the programmable frequency di- 
viders 99, 100, 101, 102, receives lock detection signals 
from capacitors 122, 128, 134, 140, and supplies enable 
signals (a, b, c) to the second, third, and fourth phase 
detectors 106, 108, 110 through signal lines that have 
been omitted to simplify the drawing. 
[01 26] Next, the operation of the fifth embodiment will 
be described. 

[0127] When the desired output frequency is 
changed, the MCU 1 60 calculates the necessary new 
value of N, sets this value in the programmable frequen- 
cy dividers 99, 1 00, 1 01 , 1 02, and disables the program- 
mable frequency dividers 99, 100, 101 , 102, phase de- 
tectors 106, 108, 110, charge pumps 114, 116, 118, and 
delay circuits 154, 156, 158. The first phase detector 
104 and first charge pump 112 remain enabled. 
[0128] Referring to FIG. 15, in synchronization with 
the next rising edge of the first reference signal fr 1 at 
time T 1( the MCU 160 enables the first programmable 
frequency divider 99. Time J A also coincides with a ris- 
ing edge of the basic reference signal f r. At the next ris- 
ing edge of the basic reference signal fr at time T 2 , the 
MCU 160 enables the second phase detector 106 and 
charge pump 1 1 4. At the following rising edge of the ba- 
sic reference signal fr at time T 3 , the MCU 1 60 enables 
the third phase detector 108 and charge pump 116. At 
the next following rising edge of the basic reference sig- 
nal fr at time T 4 , the MCU 1 60 enables the fourth phase 
detector 110 and charge pump 118. 
[0129] The four reference signals fr 1f fr 2 , fr 3 , fr 4 are 
mutually offset by intervals (Tref/4) equal to one-fourth 
the period (Tref) of the first reference signal fr t , thus by 
phase angles of n/2 radians. 

[0130] The MCU 144 enables the second, third, and 
fourth programmable frequency dividers 100, 101, 102 
following time Tj at successive intervals equal to one- 
fourth the estimated length of the cycle of the first feed- 
back signal fv 1 , so that the four feedback signals fv 1 , fv 2 , 
fv 3 , and fv 4 are offset by phase angles of substantially 
vJ2 radians. 

[0131] The first phase detector 104 compares the 
next rising edge of the first reference signal fr^ which 
occurs at time T 5 , with the first pulse of the first feedback 
signal fv 1t and the first charge pump 112 generates a 
corresponding errorcurrent signal Ce 1 . The other phase 
detectors 106, 108, and 110 similarly compare refer- 
ence signals fr 2 , fr 3 , fr 4 with feedback signals fv 2> fv 3 , 
and fv 4 , causing charge pumps 114, 116, and 118 to 
generate current error signals Ce 2 , Ce 3> and Ce 4 . The 



combined current error signal Ce, equal to the sum of 
Ce 1t Ce 2 , Ce 3 , and Ce 4 , alters the control voltage Cv 
output by the low-pass filter 18, which controls the out- 
put frequency fo of the VCO 8 so as to bring the PLL 

5 into a new locked state. 

[0132] Reference signals fr t , fr 2 , fr 3 , and fr 4 have fre- 
quencies of fr/4. The output of the prescaler 148 has a 
frequency of fo/4. Feedback signals fv 1 , fv 2 , fv 3 , and fv 4 
have frequencies of fo/4 divided by N, or fo/(4N). In the 

10 locked state, the reference frequencies fr/4 and feed- 
back frequencies fo/(4N) are equal, and the output fre- 
quency fo is equal to N times the basic reference fre- 
quency f r. The MCU 1 60 detects the locked state from 
the voltages of capacitors 122, 128, 134, and 140, but 

15 does not disable any of the programmable frequency di- 
viders, delay circuits, phase detectors, and charge 
pumps in the locked state. 

[0133] The PLL thus operates with four feedback 
loops both during and after lock acquisition. Since the 

20 reference and feedback frequencies are prescaled by 
ratios of four, the loop gain of each feedback loop is re- 
duced by a factor of four, but since there are four feed- 
back loops, the combined loop gain is the same as if the 
prescalers 1 49 and 1 52 were not present and only a sin- 

25 g|e feedback loop were used. In particular, the lock-up 
time is the same. 

[0134] The power dissipation of the frequency divider 
unit 103 is multiplied by a factor of four because there 
are four programmable frequency dividers 99, 100, 101, 
30 1 02, and divided by a factor of four because each pro- 
grammable frequency divider operates at only one- 
fourth the VCO output frequency (fo). These factors can- 
cel (4 x 1/4 = 1), but the frequency divider unit 103 dis- 
sipates less power than a single programmable frequen- 
ts cy divider operating at the VCO output frequency (fo), 
because programmable frequency dividers 99, 100, 
1 01 , 1 02 employ low-speed circuit elements with low in- 
trinsic power dissipation. 

[01 35] For similar reasons, the total power dissipation 
40 of the phase detectors 104, 106, 108, 110 and charge 
pumps 112, 114, 116, 118 is equal to or less than the 
power dissipation of the phase detector and charge 
pump in a conventional PLL having only one feedback 
loop. Prescaler 148 dissipates relatively little power, be- 
45 cause of its simple internal circuit structure. Prescaler 
152 and delay circuits 154, 156, 158 also dissipate rel- 
atively little power, because of their simple structure and 
low operating frequency. 

[01 36] By using multiple low-gain feedback loops, the 
50 fifth embodiment thus reduces total power dissipation 
without reducing the total loop gain, or lengthening the 
lock-up time. 

[0137] By directly enabling and disabling the pro- 
grammable feedback circuits 99, 100, 101 , and 102 in- 
55 stead of using gate circuits, the fifth embodiment reduc- 
es the cost of employing multiple feedback loops. 
[0138] In a variation of the fifth embodiment, the MCU 
1 44 enables the second, third, and fourth programmable 
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frequency dividers at timings determined from the count 
value in the first programmable frequency divider. This 
variation also applies to the fourth embodiment. 
[0139] In another variation of the fifth embodiment, 
the frequency divider unit comprises a single program- 
mable frequency divider with multiple coincidence de- 
tectors detecting different count values, which are set 
by the MCU 160 to produce feedback signals with mu- 
tual phase offsets of n/2 radians. This variation also ap- 
plies to the fourth embodiment. 
[0140] In yet anothervariation of thefifth embodiment, 
the number of feedback loops is P, where P is an arbi- 
trary integer greater than one, and the prescalers 148 
and 152 divide by P instead of four. If P is greater than 
four, then further reductions in power dissipation can be 
achieved without changing the total loop gain or lock-up 
time. 

[0141] In still another variation of the fifth embodi- 
ment, the number of feedback loops is not equal to the 
prescaling factor P, but the current-driving capability of 
the charge pumps, or the time constant of the low-pass 
filter 18, is adjusted so that the desired loop gain and 
lock-up time are obtained. 

[0142] The embodiments described above reduce 
lock-up time without increasing power dissipation in the 
locked state, or reduce power dissipation without in- 
creasing lock-up time. 

[0143] Several variations of these embodiments have 
been mentioned, but those skilled in the art will recog- 
nize that further variations are possible within the scope 
of the invention as claimed below. 



Claims 

1. A phase-locked loop having an oscillator (8) gener- 
ating an output signal with a variable frequency, 
comprising: 

a frequency divider unit (1 03) dividing said out- 
put signal by a programmable frequency divi- 
sion ratio, thereby generating a plurality of 
feedback signals; 

a reference signal generator (51) generating a 
plurality of reference signals having different 
phases; 

a plurality of phase detectors (104, 106, 108, 
110) coupled to said frequency divider (51), 
each comparing one of said feedback signals 
with one of said reference signals, each thereby 
generating an error signal controlling the fre- 
quency of the output signal of said oscillator (8); 
and 

a control unit (144) selecting a number of said 
phase detectors (104, 106, 108, 110) when said 
frequency division ratio is changed from a first 
ratio to a second ratio, said number depending 
on a difference between said first ratio and said 



22 

second ratio, and enabling said number of said 
phase detectors. 

2. The phase-locked loop of claim 1 , further compris- 
5 ing a lock detection circuit (120) detecting a locked 
state of said phase-locked loop, wherein said con- 
trol unit (1 44) enables just one of said phase detec- 
tors (104, 106, 108, 110) in said locked state. 

10 3. The phase-locked loop of claim 1 , wherein said 
feedback signals have different phases. 
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